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SUMMARY 




086 


The objective of this program is to investigate the Delayed Flap Approach, 
which is an operations?, procedure designed to reduce fuel and noise in the 
landing approach of a jet transport. This report will describe the delayed flap 
operational procedures, discuss pilot acceptability of those procedures and dis** 
plays, and show fuel/noise benefits resulting from flight tests and simulation. 


INTRODUCTION 


The conventional jet transport stabilized landing approach procedure 
requires moderately high thrust settings for an extended time, with the 
accompanying community noise impact and relatively high fuel consumption. 
Significant reductions in both noise generation and fuel consumption can be 
gained through careful tailoring of the approach flight path, the operational 
procedures, and the airspeed profile, example, the noise problem has 

been attacked in recent years with development of the two-segment approach, 
which brings the aircraft in at a steeper angle initially and achieves noise 
reduction through lower thrust settings and high altitudes during most of 
the approach (refs. 1, 2). 

Also, the Air Transport Association (ATA) member airlines have developed 
and Instituted the "reduced flap" noise abatement landing procedures through- 
out most of the domestic airline systems (ref. 3). For this approach, the 
aircraft flies the standard straight-in path, but maintains a flap setting 
"one notch less" than minimum landing flap setting until final landing flap 
deployment at about 303 m (1000 ft) altitude. The t inul landing flap selected 
would be the minimum certified landing flap setting which is permissible for the 
particular landing. The intent is to assure that final approach stabilization 
is achieved at not less than 152 m (500 ft) above field elevation. 

More recently, Lufthansa German airlines pioneered a low-drag/lrv-p('wer 
approach technique (known as the TIPTOE approach) and has made it their stan- 
dard ILS approach procedure (ref. 4). This technique is being considered for 
adoption by the International Air Transport Association (lATA) for use by all 
member airlines at landing fields where ground facilities permit. The target 
stabilization altitude for the lATA approach is 305 m (1000 ft) above field 
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.^l£.vation Both the ATA and lATA techniques comprise a decelerating process, 
'^“ng'dalajs and/or reductions In t!-e extension of the lending gear and 
the uerof f lore, with a consequent reduction in the omount o£ power re.iulred 
to conic t the approach. Both are '’thumb-rule" techniques, vhere pi ot action 
is keyed on aircraft velocity and altitude above the ground and DMt informa 
tion when available. 

The NASA//\mes Research Center is currently investigating the so-called 
"delHved flap" appioach (refs. 5-7) where pilot actions are determined and 
piesc^tbed b5 an onboard digital computer. The onboard digital computer 
Ltermines the proper timing for the deployment of the landing gear and flaps 
Sased on the existing winds and airplane gross weight. 

displayed to the pilot. The approach is flown along the conventional ILS 
glide Lope but is initiated at a higher airspeed and in a clean aircraft 
conLguraLon that allows for low thrust and results in reduced noise and fuel 

consumption* 

The procedure is an application of energy management concepts, where the 
proper tiLng of the deplosTnent of the landing gear and flaps is ^o 

disLpate the energy In a controlled manner while the engines are at low 

throttle setting. 

This procedure has several advantages over the ATA and the Lufthansa types 
of apprLches. The computation capability provides for consistency of opera- 
tionLand allows additional noise relief and fuel savings. The 
potential for increasing operational safety by lessening pilot workload and 
SrLiding an energy management engine-out landing capability and a wind shear 
deletion and warLng function. The primary disadvantage is of course, the 
reo.uirement for additional avionics. Definition of this equipment and 
associated costs are the subject of an ongoing study. 

,w S 2,= 

to other aircraft. 

The program has proceeded through an analysis and a piloted simulation 
phase and more than 100 hr of flight test evaluation onboard the C\ 990. 

The results of the flight test evaluation which show 
benefits wi"'! be presented and discussed. Ihe resu ts a in. cc 

pilot evaluation of the proceduies will also be presenteu. 

arc oomplote and will be presented* 
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OPERATIONAL PROJEDURES AND DISPLAY CONCEPT 


Figure 2 shows a typical delayed flap approach for the CV-990. In con- 
trast to a conventional stabilized approach, which is flown at a constant air- 
speed of about 150 knots and moderately high thrust settings throughout the 
approach, the delayed flap approach begins at a higher initial airspeed, 

240 knots and decelerates at idle thrust through most of the approach. The 
pilot intercepts the ILS glidepath at about 10 n. ml. from touchdown and at 
approximately 900 m altitude. He then retards the throttles to the idle 
detent and begins a slow deceleration. At about 6 n. mi. and 230 knots, 
the pilot is given a command from the digital computer to lower the landing 
gear. At about 5 n, mi. and 220 knots a conmiand is given to lower approach 
flaps, and flaps are commanded to the landing position at about 4 n. mi. and 
200 knots. The aircraft decelerates to final approach airspeed at about 
150 m altitude, at which point the pilot advances the throttles to approach 
power and the last portion of the approach is flown at a stabilized airspeed 
similar to a conventional approach. In headwinds, extension of landing gear 
and flaps is delayed and in a tailwind condition, they are commanded farther 
out in the approach. Thus, regardless of wind conditions, the aircraft is 
always stabilized for landing at 150 m altitude, which is consistent with 
current airline procedures. 

Figure 3 shows the CV-990 cockpit and displays that the pilot uses to 
perform a delayed flap app.;oach. In addition to the normal Instruments an 
a fast/slow indicator which is part of the ADI, an alphanumeric message dis- 
play, and a data entry keyboard. 

The fast/slow display, which Is commonly found in many current jet 
transports, allows the pilot to monitor the energy state ot the aircrait. 

While on the glide path, this instrument tells the pilot liov. the a retail is 
decelerating relative to the desired airspeed schedule. This is similar' to 
the way fast/slow displays are normally used, except that the usual retcreiue 
airspeed is constant and not changed as in this case for a delayed flap 
approach. 

The message display signals the pilot whet to extend landing, gear, 
approach and landing flaps, and when to apply approach power. Ihi' itoiei 
timing of signals is accomplished by a digital computer onboard llu iV-'-90 
aircraft. In essence, the computer predicts the manner in vhicu tin a in r..'t 
will decelerate during the .-’pproach to landing, taking into account the wind 
and changing aircraft weight. Based upon this computed decel er.it i- n, th«. 
computer signals the pilot when the flaps or gear Is to be lowered by fl.r hi:., 
a command on the message display. I'Jhen the pilot ha.s taken the re-pilred 
action, the display goes blank again until the next event is to o>.ur. A1 i 
this is accomplished so that the aircraft arrives at the final appri'.ieh 
airspeed at precisely the right altitude and desired distaiue fro): t, ucbdi'\;ii . 

The data entry keyboard provides a means for commun i cat in> with tli*’ 
digital computer. For a delayed flap approach, it would bo used t.> iigut 
landing site data, such as the field elevation or ILS glide sl.'|>< aiigli . 


Thi* t‘quipn.rnt Blu>wn Jn lijau*.* i i-. in-f v,» ;m:‘ i<' m i*i .u, 

airline Installat loiu 'Jlw* dtj^ii/il . ni-.j.-n <• j .Ui-1 \\i<- i;\-990 alr[^l.me 

were used in this )iro;;raiii Lfiam-.i .t thr.i •} i 1 1 1 '• .niH tln.-ir ability t<» 

perfurm the required tasks, 1h** .ivlnnii* iLti < '><• inet.ilhd in a cuti' 

veutiunal Jet traiusport in cjrdei liav»- n (n*ki/*<l llap ,ippina(li repability 
would be tailurt.'d to nK*et the jnepi i s i.i j;, aiHines. 

RHSULTh hT'aJ s;: 


OpuraLlnius 

No i s e Mea su r eiae lU I ' ,su M. .s 

A series of noise measurements was made durinp t.lu* flight test evaluation 
of the delayed flap approach in the NASA CV--990 air« Talt at the Edwards Air 
Force Base (EAFB) test range. The purpose was to r;easure and compare the 
noise level on the ground under the flight path v:hile using different types 
of operational procedures v;hJ.ch included the (a.mv » i' r ’h -na ) , tlie ATA reduced 
flap and the delayt»d flap approaches, 

A total of 10 noise measurement sites \ .'us itili/ud. Six of the sites were 
lo(*ated on the extended riimcay centerline iron uiu t.' n n, mi* from the runway 
thresliold. The remaining four silos \::r* M/jtr.: ni various sideline distances 
along the test range, Tlu'St* mtoisure-: s .•n.-m, . oh’ v, itli tlie assistance »..'i 

Dryden Flight R«*searr]i Cer.tor 1 v . itt.-t series in 

September 19/5. The rud’U- lecor-ii'ig ai.. uud radar tracking 

data were time correlated to t'-* ; •' ! *, i ; ‘ .‘ini ilt relative to 

the sound measurement equip’ment <hirin> t h« n . 

The approaclies were conducted, d'lriug secer’] oa>^• ot il^.ghl testing 
under conditi;.ms wlierc the 1 1 i < t i^»'d u.c.o \\-i ; Mari 1 \k 1 i-nots 
and the aircraft wa^ight varied fin. h>; o Ic; Lc ch/jOt’ Rg 

(1 41 , 000 lb) on the different app rc.t< , Ju .’d- i i i:i , ; he elev.itieu uf the 
test sit.e at EAFH v;as u 9 () m ah». va* resn e h .ei, ■ t.-« 'l.a r • i dt* - si opt* 

angle was which is Icwer than t !u t;.)-. c t - lid, ^.l.•pt• found at most 

aiipoits, The*^.'- tactiU'.H ... cmip 1 K at i' I lu ai'..* * y ■ j*. u;* i at a. i ci i’ t .it i l'ui 1 the 
data since the\ afiett the p,ecmc t r” c) i h< : i ’ M ,<* '* t ^ **s‘i n< c ct 

operational procedures .and tlu. Jet ciu;aiu < '*; c- “u th«’ tppi iMcltt-s 

and thus, the noise and fuel r ea^oarei.iet-t *• . n. i ^ i « ; I'Tit a naisistent 

set of d.'ita for direct ca^mparlsons * . \.a » t . tvj-*- cj apprca»'lies , 

It was Jocided to iu;e the infl iglit ic! ;*>♦• ^ i i; a ] i !. ^e • inc. 

.aircraft .lerodyn.am I < s , engine u-m*’, .» iC : k‘ us* * < . • !*• pa'^tiio’ -l‘e 

parameter.^ 0 tlie* corqiuti'C ii'’d».*l' t>’ . i > ■ v ‘ ‘ 1 t hi ! 1 i^l»t nac.t, 

th.c rt‘SuUing U'cdols c.nild If ;i*-c'J u h 
ilireu't comp. U'i son u»uler idu't.t lc:\^ ( < • *. • . ' i i 

The MU(i aircraft is .. I » ui **;■)■(’■ > l : 

vlnt.ig.e, Ihi^' .li'ia raH i, I**:!-. i j pi’di wu*:, » . :a . I 
let I'l'gims, trcilinp. »'dp.'' t'u;]i ; il.s;- h .', 


I r ' . -S‘ m t i.rbcl .an 
‘ u Ki •»()'»* r M .t;u‘ 4 



computer analyHlH ..ire (.'.ivei. in i . 1 1 . 1 < m. e 
the ruBultfi of this ruir,r>ili r .m,. I I .. 


/, Ihi- :.iib;ii.<iuerit fi>',uTes pi'i'i.ent 


Figure 4 shnwi: i.lie ctiitirlim. ii>m-.i.’ levi-l r.i-iicratcd by tlie <“^-990 air- 
craft on cae.li of thn-c ivi'ca ni ap; ni.iel.i a : the eonvent lunal , the AJA 

reduced flap and the dilayeu lla(i. Jhti^e d.ita are lot the more typ '.a 
approach path. The appr o.ielie- an' ..II for a un-wInd condition at an alrfraft 
weight of Kl,(i5U kg (180, (me Ibi. (-lotted Is the effective perceived noise, 
level In dB (KPNLdh) ver.sui. the r.ingi t<> t ouchdown in nautical mile.s. Beyond 
glide-slope capture the ain i.iU in < .i- h • .me is I lying at a constant 90 ' in 
altitude. Glide-.slope eaptuie o,-,urs at about 9-1/2 n. ml. from touchdown. 


Tlte 150 m stabilization .illiinde lor the delayed flap approach is 
indicated at about 2 n. mi. Inside of 2 n, mi. the aircraft configuration and 
thrust level are about tlu- s.ime I o» uacb approach and the noise levels are 
about equal. Between 8 n. mi. and 2 n. mi. there is a significant reduction 
in noise generated by tlu a delayed llap approach • A 

12-dB reduction is iiulicati-d ovi-r boih the conventional and reduced flap 

approach . 

The sideline noise data vai.s aJM> generated for each of the three approach 
types. These data were genc.itcd ty tlu compuUir noise model, which used the 
flight test sideline noise mi ar un. meat s to retine the model parar.eteis. le 
areas of the resulting cu.t.ourt; v;.,r. fbeu .al.-ulated so that a direct e(>n- 
parison of the noise iiapai ttul cu'ocu 
areas for each of the ihtec < t 


1 


cnltl In- ii.ade* Tlie yO-EPNT.dB ii'-ntoui 
ijpn.niu-^ ax'e included in fiv'.tire 


approach techniques: 
approach, in terms ci 
(in km^); the time c.' 
initial point at i 
aircraft during eai h 


Cy~^u{) p^nieiits t;nr par i sen iur the three difftl'ent 
reduced flap and delavtni Map 
'i^e Cl ntcur area under each 1 light path 
inute.s) from the ( nr.ir.icu'i 
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A fuel mtiafiurumont syRtem was developed and Infitallod in the CV-990 
aireraft to sample and provide a eontlnuous meaHurement of the fuel flow to 
each ol the four engines. Fuel, (low to each engine Is summed In the dlp.lt.il 
eomputei: to update the. weight of the aircraft in real-time, A continuous 
record ol the luel use Is therefore available throughout the flight mishlon. 

As mechanized, the system has a resolution of 3,6 kg (8 lb). It hat; been 
estimated that during the approximate 5-mln duration of an approach the fuel 
used cun be determined to within *7 kg, ('15 lb). 

During the flight test onboard the CV-990, the fuel consumed was measured 
for a series of each of the different types of approaches (the conventional, 
ATA reduced flap, <and the delayed flap). The same initial condition was 
establ lulled prior to beginning each approach. This initial condition was: 
range from touchdown 15 n. mi.; altitude approximately 900 m (3000 ft); 
indicated airspeed 240 knots; and flaps and landing gear up. The resulting 
flight data was again used to validate a computer model from which a directly 
comparable set of data could be generated for identical test condition. This 
data is showtr in the bar charts of figure 5. 

The current airline procedure (Reduced Flap Approach) saves 50 kg 
of fuel over the conventional approach, while the delayed flap approach saves 
an additional 130 kg over the reduced flap approach. 

The delayed flap approach does require additional avionics, but the cost 
of this avionics could possibly be recovered in a reasonable period of time 
iron) the cost of fuel saved. 

Time savings are also Important to airline operations, and It is shown in 
figure 5 that the delayed flap approach saves a minute of operating time over 
both the reduced and conventional approaches. 


Appl Icat 1 on to ujrr ent A irlines Aircraft 

NASA has contracted with the Boeing Commercial Airplane Company to evalu- 
ate the delayed flap concept on an aircraft which is representative of those 
In current airline use. The objective is to examine some of the probler.i.-. 
assoc., iat eJ with the application of the delayed flap concept to a curieiil 
aircial t and tc evalu.ite tin., luel and noise Icmelits. The c.>perat Iona 1 t 1 igi;t 
l'iiic.(.dm es, computer algorithm and benefits will hi; different for eacii type 
<1 aif.i.ilt. I’resenlcd in this section will be a pi'rtion oi the study 
laault: tor the Boeing 727 airplane. Complete study results an- presented in 

releron. c.- S. 


Booing 727 operational rrc>cedure 

I r< i-ented in figure b Is an example of the delayed flap procedure as 
adapted to tlie Boeing, 727 aircraft. The figure shows the altitude and 
airsjceed profiles as a function ot range to touchdown. The various event.s 
whiih occur during tlie approach are indicated on the airspeed profile. The 


aircraft provldoB five flap detents to control tho ».'nfrcy during tlic appro.-u li. 
If the approach is liltlated from 900 m and 220 knots, .-in shown lioro, idle 
thrust Is comm.anded just prior to glide-slope capture. Thi.' tominandn an- 
Illuminated on an ,-nnnunciator on the Pilots Panel of the H-727. As the 
approach progresses the command will be generated in the sequen<;e shown In the 
figure (l.e., flap ^ 2“, 5®, 15®, utc.). 

For non-icing conditions the deceleration is arrested by reapplying 
thrust in two steps, first to an engine pressure ratio (FPK) o( ] .] (at about 
2.5 n, ml.) and then to normal approach power setting (about KPk 1.1) at the 
target altitude of 150 m. The first step to KPR 1.1 initiates engine .-ua i l- 
eratlon to a power setting near the .surge bleed valve operating point 1 roni 
which further acceleration can be obtained more rajiidly when riqulred. iliis 
is a characteristic of the particular engine in the B-727-20U airplane (i.e., 
JT8D-9). From 150 m through to landing, the aircraft Is operated as on .i 
conventional or stabilized approach. Foi an icing condition, the throttle 
setting would be maintained above idle at about 55 piercent rpm for inlet 
anti- icing. An EPR of 1.2 is tba minimum which would insure this thrust 
level. The flap and gear extensions will always occur In the same sequence 
but will not always occur at the same speeds. This will depend on the wind 
condition, the weight of the aircraft, and the initial conditions. For head- 
wind conditions the sequence of procedures becomes more compressed, while in 
tailwinds the events will be strung out. 

Weight variations have little effect on the deceleration distance i>r 
general shape of the airspeed-range curve. Increased weights generally 
shift the airspeed curve upward by an amount equal to the increase in . 

Thus, configuration changes occur at a higher airspeed. 

The flap speed schedule shown on the figure is selected t.. r.inir.ixe the 
pitch attitude ch.-inges during flap extension on the final .i; prcai h. . !his ic 
desirable for good glide-slope trucking by both the piK't and ante; iK t. It 
was shown in reference 8 that the current 727 autopilot o.ntri'1: these 

disturbances quite well. Fortunately, the minimum pitch di .-.t ic bar. i. -.ci.ed'ili 
also provides adequate speed margins from safety 1 ir.lts, as r«. pin. nt «. d ! ;• 
the stall speed region and flap placard boundar ic', .inH is .i g. -r ; re:- ; . 

with respect to fuel and noise bene! Its, whii-h will 1 <. dis. u.-sed ui.xt . 


No i se , Fue ’ , and T i me Bene f i t s 


The results of a benefits utialysls ti>v tlu’ B-7d7 .iircr.itt am d.. •. u i 
figure 7. Computed fuel usage, elapsed time on tlic ap| r. ac.i .it.d !.■ i'> i 

areas are compared for three different operaticnal pm-«dnic- ii. 'ti!. .ir 
conditions. All approaches are Initiated in .i ^ le.iu air. r. -.it . i.’i.urati 
the same flight conditions. The data show that cnra.isitut Iciu-tit 
realized for the B-727 when conducting a dela;.ed ilaj .ipproaci: c . 
either the conventional and reduced flap. For example, > empated t' 
current airline procedure (reduced flap), a tuel miving. d I.” V . i 
almost 1-1/2 min in time Is .saved, .ind a m-dia t n in tl.<- c .ac 

the size of that generated by the B-727 on .i reduced fl.ip .ipprc.uh 


• ii I 

; .p.im-d 

• I. 


Although tlH' data prcHc-ntcd ia for a no-wlnU condition, the relative 
benefit ciimpar laon for luti, time and nolne la not nlgnlf icantly different for 
headwind and tailwind conditions. The effects of a lO^knot headwind and a 
10''kni>t taUv;lnd are Included in reference 8, in addition to the nolne effects 
with .acouiitically treated nact'Uen. 

Pi jot k'^aluat hijn 

In November 1973 nine guest pilots participated in an inflight evaluation 
of the delaved flap procedure and display concepts onboard the CV-990 airplane. 
These gue.sta represented United and American Airlines, the Boeing, Douglas, 
and Lockheed companies, and the FAA, ALFA, and ATA organizations. The flight 
operations were conducted at the Sacramento Metropolitan Airport, Sacramento, 
California, under VFR conditions. 

During this series of flight tests, each guest pilot conducted from three 
to six of the different types of approaches either as command pilot in the 
left-hand seat or as safety pilot/observer in the right-hand seat. The pilots 
acted upon the sequence of messages as they were displayed on the message 
display and manually deployed the landing gear and flaps, and operated the 
throttles. The approaches were primarily conducted in a coupled autopilot 
mode. Generally, the approach was stabilized in airspeed and aircraft config- 
uration at 150 m altitude and continued through to touchdown. Comments and 
opinions were solicited from each guest pilot after the flights. A preliminary 
assessment of the operational procedures is summarized as follows. 

Under the conditions of these tests most pilots indicated no significant 
increase in pilot workload for the delayed flap approach over the con- 
ventional approach, and felt that reversion to a conventional approach 
could be made safely and easily in the event of delayed-flap equipment 
malfunction. Consistent performance by the pilots and system was demonstrated 
in controlling the deceleration to achieve the reference velocity at 150 m 
altitude on the approach regardless of aircraft gross weight and existing wind 
conditions. The higher airspeeds existing during the approaches were not 
indicated as a problem by any of the guest pilots. 

There were several comr.ients made by the guests pednting c>ut the potential 
difficultv of integrating the high-speed delaved flap procedure into the 
existing Air Traffic Control environment. It was indicated that this might be 
especially difticult at high density airports such as Chicago’s O’Hare or 
Los Angeles International. 

Genera’ ly, the guests were in agreement that the operational procedure 
and displays were acceptable and ttiat the technique provided benefits for 
noise relief uud fuel saving, but it was also the consensus that additional 
research would be required before the delayed flap technique could be 
considered an acceptable alternative fer the current airline approach pro- 
cedures . 



CONCLUSIONS 


Analytical, simulation, and Inflight studies have been conducted to 
investigate the delayed flap approach technique. Infill ght measuremonta of 
fuel usage and ground measurements of perceived noise wore made during flight 
test with the NASA CV-990 airplane to assess potential benefits of the 
approach technique. Results show that significant benefits may be obtained 
using the delayed flap approach technique. Onboard the CV>990, guest pilots 
conducted a limited investigation of the acceptability of the operational 
procedures. A generally favorable response was obtained from these guests. 
Studies are underway to apply the delayed flap concepts to an evomple of a 
current airline aircraft. Application of the approach technique to the 
operation of a B-727-200 airplane shows that when compared to the reduced 
flap approach, significant savings in fuel, flight time and' reduction in the 
noise impact area are achieved by using the delayed flap approach. 

Several critical areas of research need study before the delayed flap 
approach could be considered an alternative to the present airline approach 
techniques. These areas include avionics retrofit costs, operational safety, 
and compatibility with the existing air traffic control environment. 
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Figure 1.- CV-990 aircraft. 



Figure 2.- CV-990 delayed flap approach profile. 
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Figure 3.“ CV-990 cockpit and displays used in delayed 

flap approach. 
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Figure 4.- CV-990 centerline noise 
comparison for 3° glidepath. 
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Figure 5.- CV-990 benefits comparison. 
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Figure 6.- Boeing 727 delayed fldp approach profile. 
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